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Abstract 

We analyzed the correlation between the development of symptoms, virus titre and carbohydrate levels in turnip and Arabidopsis during 
infection with four isolates of Cauliflower mosaic virus (CaMV). Infection did not significantly affect sugar levels in source leaves except at the 
very late stages (28 d.p.i.), but induced a three-fold but short lived increase in sink leaves. Titres of severe isolates were greater than mild isolates, 
but we observed no obvious correlation between sugar levels and symptom appearance. In wild-type Arabidopsis, infection did not stimulate 
increased sugar levels, but did so in a mutant, cnrl60, which shows altered growth-response to high carbon and low nitrogen. These results do not 
support a direct role for sugar-mediated control of symptom development during virus infection. 

© 2005 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Virus-infected plants typically develop symptoms which 
may include stunting, leaf distortions, dark greening and 
chlorosis, the latter often manifested as vein clearing and 
mosaics [1]. Large numbers of genes may be up- or down- 
regulated [2-5] and these changes in gene expression may take 
place in a co-ordinated manner depending on the progress of 
the infection [4,6]. Physiological changes include alterations in 
the levels and/or partitioning of metabolites between different 
tissues in the infected plant. Sugars have been reported to 
accumulate in photosynthetic source leaves of virus-infected 
plants. For example, in cotyledons of Cucumber mosaic virus 
(CMV)-infected marrow plants, soluble sugars were reported 
to accumulate, while levels of starch decreased [7,8]. Source 
leaves of CMV-infected melon plants showed elevated levels 
of free soluble sugars and reduced starch levels [9]. Changes in 
sugar partitioning might be attributable to several factors. 
CMV-infected marrow plants showed increased starch 
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hydrolase and lowered ADP-glucose pyrophosphorylase 
activities, which might be expected to increase the conversion 
of starches into soluble sugars such as glucose, fructose and 
sucrose [7]. Reports implicate virus movement proteins in 
altering signalling networks controlling phloem loading and 
unloading [10], and transgenic plants expressing movement 
proteins of CMV and Tobacco mosaic virus (TMV) show 
increased accumulation of free soluble sugars in source leaves 
[9,11,12]. 

In yeast, sugar levels can influence mRNA transcription and 
translation rates [13], transcript stability [14,15] and protein 
turnover [16,17]. Such events are initiated after a signal(s) 
produced from hexose phosphorylation leads to the activation 
of transcription factors [18-20]. These modulate the expression 
of various genes in a manner that is dependent on the amount of 
sugar, and its rate of phosphorylation [21,22]. Carbohydrates 
also play a major role in gene regulation in plants [23] and it is 
thought that plants and yeast may utilize similar sugar 
signalling mechanisms [24-28]. Elevated sugars have been 
reported to increase levels of starch-related enzymes such as 
starch synthase [24], effecting conversion of soluble sugars into 
starch. Several sugar modulatable enzymes are involved in 
regulating sugar metabolism and partitioning [25]. Elevated 
sugar levels may regulate their own biosynthesis: for example, 
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high levels of sugars are known to inhibit photosynthesis by 
repressing the expression of genes encoding proteins forming 
part of the photosynthetic apparatus such as chlorophyll a/b 
binding protein [26], Rubisco small subunit [27-29] and 
plastocyanin [26] . Accumulation of high levels of sugar may 
also lead to chlorophyll loss [30]. 

Sugars control gene expression through a complex series of 
pathways that also involve plant hormones including abscisic 
acid (ABA), ethylene, cytokinin and auxin [31,32]. Sugar- 
mediated regulation of gene expression has also been 
implicated in diverse processes that include wound-response, 
pigmentation and defence [33-40]. It is possible that 
perturbations in sugar partitioning that occur as a response to 
virus infection might affect sugar-regulated gene expression, 
altering, for example, chloroplast protein complexes or 
hormone ratios. 

Recently, Martin et al. [41] demonstrated that carbon to 
nitrogen ratio rather than carbohydrate level alone appears to 
play a predominant role in regulating various aspects of 
seedling growth including photo synthetic gene expression. 
Based on growth medium conditions of 100 mM sucrose and 
0.1 mM nitrogen [41] a number of cnr (carbohydrate non- 
responsive) mutants were isolated that did not show the wild- 
type response of unexpanded, purple cotyledons after 6-8 days 
growth [42]. The absence of a response in wild-type 
Arabidopsis, when grown on 0.1 mM nitrogen supplemented 
with different osmotica suggests that the response to sucrose is 
not due to osmotic stress. 

Virus-induced elevations in sugar levels and the consequent 
effects on pathways involved in pigmentation and hormone 
function, provide a plausible mechanism to explain the 
development of symptoms, in particular those involving altered 
colouration and leaf distortion. Evidence to support this 
hypothesis comes from experiments by Von Schaewen et al. 
[30] in which sugars were forced to accumulate in transgenic 
tobacco over-expressing a yeast invertase. Plants showed a 
mosaic and stunted phenotype, reminiscent of virus symptoms. 
Herbers et al. [43] over-expressed the movement protein from 
Potato leaf roll virus (PLRV) in tobacco: this gave rise to major 
changes in sugar partitioning and starch accumulation and also 
induced a symptom-like phenotype. Possibly, increases in 
sugar levels in localized regions of the leaf may lead to 
chlorosis. Neighbouring cells may produce more green 
pigments to compensate for the loss in carbon fixation, 
resulting in mosaics. 

To investigate the possible link between sugars and the 
development of symptoms, we infected turnips with four 
isolates of Cauliflower mosaic virus (CaMV), which induce 
symptoms ranging from very severe (strong mosaic patterning, 
chlorosis, severe stunting) to very mild (whole plant dark green 
colouration, with no stunting or distortions). Emergent and 
expanded tissues were harvested at intervals after inoculation, 
and viral DNA, starch and total soluble sugars were assayed. 
Since sugar signalling in turnip is not well elucidated, we 
additionally used Arabidopsis since it is a compatible host for 
CaMV and a number of cnr (carbohydrate non-responsive) 
mutants are available [48]. To further analyze any possible link 


between carbohydrate status and the development of symp¬ 
toms, we infected wild-type Arabidopsis and three cnr mutants 
with a severe isolate of CaMV. Tissue was harvested just as 
symptoms were developing, and levels of sugar, starch and 
virus accumulation were measured. Although we were able to 
identify virus-dependent changes in sugar and starch levels in 
turnip and in wild-type and mutant Arabidopsis, we found no 
obvious correlation between changes in sugar levels and the 
development of symptoms. 

2. Materials and methods 

2.7. Virus infection 

CaMV isolates used in this work were Aust [44,45], Baji-31 
[46,47], Bari-1 [48,49] and Cabb B-JI [45,49]. Virus was 
maintained and propagated in turnip ( Brassica rapa-rapifera 
cv. ‘Just Right’) as described by Cecchini et al. [46]. Infection 
studies were carried out in a controlled environment room. 
Turnip plants (cv. ‘Just Right’) were grown in compost at a 
temperature of 22°C. Light was provided by Osram ‘Warm 

_o _ i 

White’ fluorescent tubes at an intensity of 100 pmol m ~ s 
for 16 h per day. Plants were manually inoculated with 1 pg 
purified virus as described [46]. Infection studies on 
Arabidopsis {Arabidopsis thaliana) were carried out in a 
similar environment except that the illumination period was 
10 h per day. Plants were grown in compost and inoculated 
manually with 100 ng purified virus after emergence of the first 
true leaves, as described [46]. Mutants cnr 160, cnr 17 7, and 
cnrl8f have been described [41]. 

2.2. Assay of virus 

Virus levels in infected turnips were estimated by 
quantitating virus DNA using slot-blot hybridization [51]. 
Leaf tissue was harvested in triplicate (each replicate 
comprising tissue from 4 plants) from fully expanded leaves 
(approximately 10-20 cm in length—representing source 
tissue for photosynthates [54]) and unexpanded leaves 
(approximately 1-2 cm long—representing sink tissue for 
photosynthates [54]) and stored at — 80°C. DNA was extracted 
from approximately 100 mg of tissue using a Puregene kit 
(Flowgen, Shenstone, Staffs, England) according to the 
manufacturer’s protocol, except that after grinding in extrac¬ 
tion buffer, proteinase K was added at a final concentration of 
250 pgmL -1 and samples were incubated for 3 h at room 
temperature to release genomic DNA from virus capsids [50]. 
DNA concentration was estimated spectrophotometrically. 
Using a vacuum blot apparatus, aliquots containing 100, 10 
and 1 ng of denatured DNA from each sample were loaded 
onto Hybond N nylon membranes (Amersham, Bucks, 
England) as described [3]. 

Hybridization was carried out as described previously using 
as probe “P-labelled insert DNA from plasmid pUC-BJI which 
carries the complete coding sequence for CaMV gene VI [51]. 
Blots were exposed to X-ray film, lightly exposed autoradio¬ 
graphs were scanned and digitized using a flatbed scanner, 
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and levels of hybridization calculated by pixel analysis using 
QuantiScan for Windows (Biosoft, Cambridge, England) as 
described [52]. 

Level of viral replication in infected Arabidopsis was 
estimated by quantitating virus 35S+19S RNA by Northern 
blot hybridization [52]. Leaf tissue was harvested in triplicate 
(each replicate being derived from 4 plants) from fully 
expanded leaves or emergent leaves (length 1-2 mm) and 
stored at — 80°C. These sizes were selected as representing 
sources or sinks for photosynthates according to the criteria of 
Imlau et al. [53]. Total RNA was extracted using a PureScript 
Kit (Llowgen, Shenstone, Staffs, England), and approximately 
2 pg was separated by electrophoresis on agarose-formal¬ 
dehyde mini-gels. RNA was transferred to Hybond N 
membrane (Amersham, Bucks, England) and virus-specific 
RNA was detected by Northern blot hybridization using a “P- 
labelled insert DNA from pUC-BJI as probe. Lightly exposed 
autoradiographs were scanned, digitized, and hybridization 
was quantitated by pixel analysis using QuantiScan for 
Windows. To correct for any lane-to-lane variations in the 
quantities of RNA loaded, for each lane, the value for 
hybridizing RNA was corrected by the value for total RNA 
loaded (quantitated from ethidium bromide fluorescence) as 
described [52]. 

2.3. Starch and soluble sugar extraction and analysis 

Free soluble sugar and starch levels were measured in 
infected plants and in uninoculated controls maintained in 
parallel. Samples were taken in triplicate from 12 plants, each 
sample being derived from tissue pooled from 4 plants. 
Arabidopsis tissue samples were taken from whole expanded 
and emergent (unexpanded) leaves. For turnip, 1 cm-diameter 
discs were removed from emergent and expanded leaves, with 
care being taken to avoid leaf veins. Tissues were ground under 
liquid nitrogen, 250 pL 80% (v/v) ethanol was added and then 
incubated for 1 h at 70°C. Samples were subjected to three 
successive 10 min centrifugations in a microcentrifuge. The 
pellets were retained for starch analysis. The pooled 
supernatants were lyophilized, re-dissolved in 50 pL of 
100 mM imidazole pH 6.9, 5 mM MgCl 2 . Free soluble sugar 
concentrations in the samples were determined using an 
enzyme linked assay [54]. 

Five microlitres of extract or standards (5 mM glucose, 
fructose or sucrose) were added to 191 pL of 100 mM 
imidazole pH 6.9, 5 mM MgCl 2 , and 2 pL 100 mM ATP in 
microtitre plate wells. Two microlitres of 200 mM NADP and 
0.4 U of glucose-6-phosphate dehydrogenase were added and 
the absorbance at 340 nm was read in a BioRad Benchmark 
microplate reader (Bio-Rad Laboratories, Hemel Hempstead, 
UK). One microlitre each of hexokinase (0.3 U), phosphoglu- 
cose isomerase (0.3 U) and invertase (0.8 U) were then added 
to each well, the plate incubated at 37°C and A 340 was 
measured after 10 min. The total concentration of glucose, 
fructose and sucrose was measured and expressed in terms of 
glucose units using an equation adapted from Stitt et al. [54]. 


2.4. Statistical analysis of data 

Statistical analyses were carried out using Minitab for 
Windows (v. 9.0). Data were analyzed by ANOVA using the 
General Linear Model (GLM) and Bonferroni analysis. In 
order to avoid a typel error in the Arabidopsis data, for mutants 
derived from Col-0 or WS-0, GLM was carried out separately 
on an ecotype basis. 

3. Results 

3.1. Symptom phenotypes of different CaMV isolates in turnip 

Turnips were infected with four CaMV isolates which 
induce symptoms ranging from very severe to very mild; 
Aust>Cabb B-JI>Baji 31 > Bari [44-46]. Chlorotic local 
lesions appeared on the inoculated leaves of all virus- 
inoculated plants at 7 days post-inoculation (d.p.i.). At 14 
d.p.i. mosaic patterning, mild stunting and leaf malformation 
had developed in turnips inoculated with Aust and Cabb B-JI. 
Baji-31-infected plants developed mild mosaics, but no 
stunting or leaf malformation; Bari-1-infected plants showed 
no systemic symptoms. 

At 21 d.p.i., symptoms were very apparent (Fig. 1). Stunting 
and mosaic patternation were very extensive in turnips 
inoculated with Aust or Cabb B-JI, but very mild with Baji- 
31. Plants infected with Bari-1 showed no obvious stunting or 
mosaics but displayed an unusual dark greening throughout the 
entire plant. By 28 d.p.i. the emergent leaves of Aust-infected 
plants were very severely stunted and most of the plants had 
died by 35 d.p.i. Although Cabb B-JI produced severe 
symptoms in turnips, the stunting and malformation were 
not quite as extensive as those observed in Aust-infected 


Aust Cabb B-JI Baji-31 Bari-1 Uninfected 

control 



Fig. 1. Stunting and mosaic patternation in leaves of turnip plants infected with 
CaMV isolates Aust, Cabb B-JI, Baji-31 and Bari-1, compared with uninfected 
control. At the time of inoculation, plants were of similar size and stage of 
development. All photographs are at the same magnification. The leaves shown 
are all at the same stage of development (leaf no. 7) and were excised from 
infected plants at 21 d.p.i. One centimetre scale bar is shown. 
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plants. Baji-31 produced symptoms comparable to those seen 
with Cabb B-JI 7 days earlier, distinct mosaic patternation and 
some stunting. Bari-1-infected plants were similar in size to 
uninfected plants and developed dark green leaves without any 
mosaics. These observations are similar to those reported 
previously [45,46]. 

3.2. Virus accumulation in expanded and unexpanded turnip 
leaves 

To test whether differences in virus levels might be 
responsible for variations in symptom severity, virus DNA 
was measured in leaf samples at 7 day intervals after 
inoculation (Fig. 2). All four virus isolates had spread 
systemically by 14 d.p.i. and virus DNA was present in both 
fully expanded (10-20 cm in length) and unexpanded (1-2 cm 
in length, barely emergent and folded) leaves. Since the sink- 
source transition does not take place until after leaves have 
unfolded [55], these represent photosynthetic source and sink 
tissue at the time of sampling. Virus levels were greatest in 
plants infected with the two more severe isolates (Aust and 
Cabb B-JI), whereas with milder isolates Bari-1 and Baji-31, 
accumulation was significantly lower (p< 0.05). Levels of the 
two more severe isolates in fully expanded leaves were highest 
at 21 d.p.i. In contrast, the milder isolates Bari-1 and Baji-31 


reached their maximum levels at 14 d.p.i. In unexpanded 
leaves, all virus isolates except Bari-1 were at their greatest 
levels at 14 d.p.i., and declined gradually thereafter. 

Although the more severe isolates accumulated to greater 
levels, neither virus levels nor distribution showed a strict 
correlation with either the severity or timing of symptoms. For 
example, levels of Aust and Cabb B-JI in corresponding leaves 
were not significantly different, although symptoms in Aust- 
infected plants were consistently more severe, particularly at 
21 and 28 d.p.i. Also stunting and mosaic patternation in sink 
leaves of plants infected with the three most severe isolates 
increased progressively from 14 to 28 d.p.i., although virus 
levels were maximal at 14 to 21 d.p.i. 

3.3. Soluble sugar and starch accumulation in infected and 
uninfected turnip 

To identify any correlation between soluble sugars, 
symptom severity and virus accumulation, sugar levels were 
measured in infected and uninfected plants at 7, 14, 21 and 28 
d.p.i. (Fig. 3). In uninfected plants, both fully expanded 
(sources of photosynthates) and unexpanded leaves (sinks) 
showed a steady increase in the level of total soluble sugars 
with time. With one exception, sugar levels in expanded leaves 
of infected and uninfected plants were not significantly 



Fig. 2. Levels of CaMV DNA in (a) fully-expanded leaves, (b) unexpanded 
leaves of turnip at 7 day intervals after inoculation with four isolates of CaMV. 
Total DNA was extracted from leaves as described in Section 2. Levels of virus 
DNA were determined by slot-blot hybridization using 32 P-labelled DNA from 
pUC-BJI as a probe. Blots were exposed to X-ray film for 24 h and 
hybridization was quantititated by pixel analysis of autoradiographs as 
described. Virus DNA is expressed in arbitrary units. Error bars indicate 
standard deviations (n = 3). Triplicate samples were taken from 12 plants, each 
sample comprising pooled tissue of 4 plants. 


(a) 



Fig. 3. Levels of free soluble sugars in (a) fully-expanded leaves, (b) 
unexpanded leaves of turnip at 7 day intervals after inoculation with four 
isolates of CaMV, and in uninfected control plants grown in parallel. Sugar 
levels were determined as described in Section 2 and are expressed as mg of 
(glucose + fructose + sucrose) per g fresh weight (gfw) of leaf tissue. Error bars 
indicate standard deviations (n = 3). Triplicate samples were taken from 12 
plants, each sample comprising pooled tissue of 4 plants. 
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(a) 



« (b) 



Fig. 4. Levels of starch in (a) fully-expanded leaves, (b) unexpanded leaves of 
turnip at various times after inoculation with four isolates of CaMV, and in 
uninfected control plants grown in parallel. Starch levels were determined as 
described in Section 2 and are expressed as glucose equivalents (mg per g fresh 
weight of leaf tissue). Error bars indicate standard deviations (n = 3). Triplicate 
samples were taken from 12 plants, each sample comprising pooled tissue of 4 
plants. 


different Q?>0.05; Fig. 3a). However at 28 d.p.i., sugar levels 
in Aust-infected expanded leaves were consistently elevated by 
more than four-fold (significant at p < 0.05) compared to plants 
infected with the other isolates and uninfected controls. In 
unexpanded (sink) leaves we also detected no significant 
differences (p > 0.05) between sugar levels in uninfected plants 
and plants infected with isolates Bari-1 and Baji-31. However, 
compared to uninfected controls, levels of total soluble sugars 
in unexpanded leaves of plants infected with both Aust and 
Cabb B-JI showed a three-fold elevation at 21 d.p.i. (Fig. 3b). 
The rise and then fall of sugar levels in unexpanded leaves of 
Aust and Cabb B-JI infected plants at 21 d.p.i. was statistically 
significant (/?<0.05). These changes were reproducible in 
three independent experiments. 

In uninfected plants, starch levels increased with age 
(Fig. 4). For all four virus isolates, starch levels in source 
leaves were generally significantly (p<0.05) lower than in 
uninfected controls of the same age. At 28 d.p.i. starch levels in 
source leaves of plants infected with the three most severe 
isolates were approximately one quarter that of uninfected 
controls, although with Bari-1, starch levels were not 
significantly different (jp> 0.05) from the uninfected controls 
(Fig. 4a). Sink leaves of uninfected plants contained much less 
starch than source leaves. Infection had no significant effect on 
starch levels up to 21 d.p.i. (/?>0.05). However by 28 d.p.i., 
starch levels in turnip infected with Cabb B-JI and Baji-31 
isolates were significantly (p<0.05) lower than uninfected 
controls (Fig. 3b). 


( a ) □ Expanded control 



(b) 



Fig. 5. Levels of (a) free soluble sugars and (b) starch in expanded and unexpanded (emergent) leaves of uninfected and infected wild-type Arabidopsis and cnr 
mutants, and in CaMV Cabb B-JI-infected plants at 14 d.p.i. Sugar levels were determined as described in Section 2 and are expressed as mg of (glucose + fructose + 
sucrose) per g fresh weight (gfw) of leaf tissue. Starch levels are expressed as glucose equivalents (mg per gram fresh weight of leaf tissue). Error bars indicate 
standard deviations (n = 3). Triplicate samples were taken from 12 plants, each sample comprising pooled tissue of 4 plants. 
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Control 



Fig. 6. Symptom expression in wild-type and mutant Arabidopsis, 21 days after inoculation with CaMV Cabb B-JI. Mock-inoculated controls are shown for 
comparison, (a) Col-0, uninfected; (b) cnrl60 uninfected; (c) cnrl71 uninfected; (d) cnrl81 uninfected: (e) Col-0, infected; (f) cnrl60 infected; (g) cnrl71 infected; 
(h) cm 181 infected. Symptoms in infected WS-0 were identical to those in Col-0 (not shown). 


3.4. CaMV pathogenesis and carbohydrate levels in wild-type 
and Arabidopsis sugar response mutants 

Three of these mutants, cm 160, cm 171, and cm 181 and 
wild-type Arabidopsis, grown in parallel and at the same stage 
of growth, were inoculated with CaMV. Isolate Cabb B-JI was 
used because it gives the most consistent symptom develop¬ 
ment in Arabidopsis [46]. cm 160 is in a WS-0 background, 
whereas cm 171 and cm 181 are in a Col-0 background [42], 
wild-type controls were from the appropriate background. 
Sugar, starch and virus levels were measured at 14 d.p.i. We 
selected this time-point because systemic symptoms become 
visible to the naked eye at 12 to 13 d.p.i. [46], and we would 
have expected any changes in sugar levels that were 
responsible for inducing chlorosis or other symptoms to have 
been detectable at this stage in the infection process. In fact, 
infection did not significantly alter sugar levels in wild-type 
Arabidopsis (p> 0.05) although it did induce a significant (p < 
0.05) two to three-fold increase in starch levels in unexpanded 
leaves, representing sink tissue [53] (Fig. 5a and b). 

Two of the mutants showed an altered symptom response to 
CaMV infection, cml 71 developing much less severe stunting 
and mosaics compared to Col-0 and cml 81 developing very 
severe stunting and a pink colouration (Fig. 6). Symptoms in 
cm 160 were similar to those in wild-type (Fig. 6). Sugar levels 
in all leaves of cml 71 and cml 81, infected and uninfected, 
were elevated two to three-fold compared to the corresponding 
leaves from Col-0 (Fig. 5; significant at p< 0.05). However, 
multifactorial ANOVA indicates that these differences are 
attributable to the effect of the genetic background: infection 
itself is not a significant factor. We detected no significant 
differences (p > 0.05) between levels of total soluble sugars in 
uninfected cm 160 and WS-0. However, infection induced a 
highly significant (p<0.01) three-fold rise in sugar levels in 
expanded- and a two-fold increase (p<0.05) in unexpanded 
leaves in the mutant, not seen in wild-type (Fig. 5). 

In cm 160, infection also resulted in a two-fold decrease in 
starch levels in expanded leaves (p< 0.05). In contrast, 
infection had little effect on starch levels in expanded (source) 
leaves of any of the other Arabidopsis genotypes. However, 


the infection-dependent increase in starch accumulation 
observed in unexpanded leaves from wild-type plants was 
significantly reduced (jp< 0.05) in cml 71 and cml81. 

To test whether the alterations in the symptom responses 
and sugar levels were a consequence of altered virus load, 
levels of virus 35S plus 19S RNA (a measure of actively 
replicating virus) were measured at 14 d.p.i. (Fig. 7). ANOVA 
indicates no significant differences (p > 0.05) between levels of 
viral RNA in wild-type (Col-0 and WS) and two of the mutants, 
cml 81 and cml 71, although symptoms in cm 171 were milder 
and in cml81 were more severe than in wild-type plants. In 
contrast, levels of viral RNA in both expanded and emergent 
leaves of cm 160 (which developed similar symptoms to wild- 
type plants, but accumulated high levels of free soluble sugars 
in response to infection) were four-fold higher than in WS-0 
(highly significant at p< 0.01). 



Fig. 7. Levels of CaMV (isolate Cabb B-JI) RNA in wild-type Arabidopsis and 
cm mutants at 14 d.p.i. Total RNA was extracted from leaves as described in 
Section 2. Levels of vims 35S + 19S RNA were determined from Northern blot 
hybridization using 32 P-labelled DNA from pUC-BJI as a probe. Blots were 
exposed to X-ray him for 24 h and hybridization was quantititated by pixel 
analysis of autoradiographs as described. Virus RNA is expressed in arbitrary 
units and is corrected for lane differences in loading by normalizing to rRNA. 
Plain bars indicate expanded leaves, hatched bars indicate unexpanded 
(emergent) leaves. Error bars indicate standard deviations (n = 3). Triplicate 
samples were taken from 12 plants, each sample comprising pooled tissue of 4 
plants. 
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4. Discussion 

Although in turnip we observed a broad correspondence 
between virus load and symptom severity, isolate-specific 
differences in symptom severity, for example between Aust 
and Cabb B-JI and between Baji-31 and Bari-1, cannot be 
attributed to differences in virus levels alone. Also, two of the 
Arabidopsis mutants cm 171 and cm 181, showed altered 
symptom responses although virus levels were similar to 
wild-type, whereas a third mutant, cm 160, in which symptoms 
were of similar severity to wild-type, accumulated levels of 
actively replicating virus that were four times that in wild-type. 
These observations confirm and extend our earlier findings [52] 
that there is no simple direct link between symptom severity 
and virus titre. Rather, symptoms develop through a complex 
series of host responses, and depend on genetic variations 
within the host or pathogen and the developmental state of the 
host [46,51,52,56,57]. 

We analyzed changes in levels of free soluble sugars and 
starch in CaMV-infected turnip, and in Arabidopsis mutants 
altered in response to high sucrose and low nitrogen. It has 
been suggested that infection might induce changes in the 
levels of sugars, and that perception of such changes by the 
plant would result in the down- (or up-) regulation of genes 
encoding for example, components of the photosynthetic 
apparatus, enzymes involved in various metabolic pathways 
and defence-related proteins [58]. This is a plausible 
explanation for the appearance of symptoms such as chlorosis, 
whole plant dark greening, stunting and leaf malformation. 

Our observations do not support such a simple mechanism, 
at least in the case of infection by CaMV. One prediction of the 
model is that increases in sugar levels should coincide with or 
precede the development of symptoms. Also, virus isolate- 
specific differences in the severity of chlorosis induced in 
infected plants should be reflected in differences in planta 
in levels of soluble sugars. Neither of these predictions is met. 
In general, levels of free soluble sugars in source leaves of 
infected turnip did not differ significantly from levels in 
uninfected controls. Sink leaves of turnip infected with the two 
most severe isolates, Aust and Cabb B-JI, but not the milder 
isolates Baji-31 and Bari-1, showed a transient but statistically 
significant increase in sugar levels at around 21 d.p.i. However, 
these changes lagged behind the appearance of chlorotic 
mosaics and there was no obvious correlation between 
symptom severity and sugar levels (c.f. Cabb B-JI and Bari-1 
in source leaves). In wild-type Arabidopsis and two of the cm 
mutants, we did not observe any significant effect of infection 
on sugar levels. At 14 d.p.i. symptoms are developing rapidly 
and we would certainly have predicted significant differences 
between sugar levels in infected and uninfected plants at this 
stage of infection had sugar signalling been contributing 
significantly to symptom development. 

It is more likely that changes in sugar levels form part of the 
host response to infection. In Red clover mottle virus strain O 
(RCMV-O)-infected pea plants, atypical large starch grains 
accumulate in the chloroplast [59]. Although RCMV-0 infects 
plants systemically, symptoms include necrosis at the actively 


growing apex. This necrosis effectively removes the sink, 
allowing sugar to accumulate and may be responsible for the 
subsequent increase in starch levels [59]. The extreme stunting 
of the apical leaves in Aust-infected turnip may bear a similar 
responsibility for the increase in sugar levels late in infection. 

Several reports have linked virus-induced increases in sugar 
levels with increased accumulation of starch [60,61]. In other 
reports, soluble sugars accumulated, while levels of starch 
decreased; CMV infection of marrow plants, increased starch 
hydrolase and lowered ADP-glucose pyrophosphorylase 
activities [7,10]. This might be expected to increase the 
conversion of starches into soluble sugars, such as glucose, 
fructose and sucrose. We found that CaMV-infection in turnip, 
in particular, the isolates that accumulated to the highest levels, 
Aust and Cabb B-JI, suppressed the age-dependent accumu¬ 
lation of starch that occurred in both source and sink leaves of 
uninfected plants. Tecsi et al. [7] have suggested that the 
inhibition of starch accumulation and/or starch degradation 
might be a consequence of the increased demand for soluble 
sugars, required to maintain the respiration rate and support 
viral replication; this may be the case with CaMV-infected 
turnips. In contrast, in wild-type Arabidopsis, sugar levels were 
unaffected by infection, although there was a significant 
increase in starch accumulation in sink leaves at 14 d.p.i. 
Differences between turnip and Arabidopsis might reflect the 
much lower CaMV titres [46], and consequent lower metabolic 
demand for virus replication, in the latter. 

All three Arabidopsis mutants differed from each other in 
their responses to infection by CaMV. Although all were 
identified in a screen designed to select potential sugar 
signalling mutants, they show pleiotropic phenotypes, and 
the nature of the lesions are unknown. Nevertheless it may be 
significant that all three showed altered responses to infection. 
Although carbohydrate levels are not involved in symptom 
development in wild-type Arabidopsis or turnip, Arabidopsis 
sugar signalling mutants showed altered responses to infection. 
Our observations are inconsistent with a simple mechanistic 
hypothesis, but do not exclude the possibility of more complex 
or subtle roles for sugar signalling in the responses to infection. 

In plants, the partitioning of sugars between sinks and 
sources is constantly changing, and the resulting perturbations 
(which may manifest themselves as unusual sugar deficits or 
surpluses), are believed to be short lived [25]. Because we 
measured levels of carbohydrates and virus accumulation in 
excised leaves (Arabidopsis) or leaf discs (turnip), transient 
changes, or changes localized to particular tissue types or 
regions within the leaf would not have been easily identified in 
our experiments. Indeed spatial and temporal differences in 
metabolism and gene expression are a feature of spreading 
virus infections [6,7,62]. Nevertheless, where we did identify 
significant changes in sugar levels, for example in the 
Arabidopsis cm 160 mutant and in turnips infected with Aust 
and Cabb B-JI, we were unable to identify any obvious 
correlation with the development of symptoms such as 
chlorosis. Thus, gross changes in sugar partitioning such as 
that reported in transgenic plants expressing invertase or virus 
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movement protein [11,30,43] are unlikely to be the immediate 
drivers of symptom expression during CaMV-infection. 

Acknowledgements 

This work was supported in part by a grant from the 
BBSRC 17P/09461. AJL was the recipient of an IBLS 
Postgraduate Studentship from Glasgow University. We 
should like to thank Dr Susanna F. Boxall for help with the 
sugar assays and screening of the cm mutants and Dr Peter 
Dominy for his assistance with the statistical analyses. Finally 
we should like to thank members of the Strathclyde Fire 
Brigade; this work would not have been completed without 
their action in rescuing data, computer disks and biological 
samples from a major fire. 

References 

[1] Hull R. Matthews plant virology. 4th ed. New York: Academic Press; 

2001 . 

[2] Whitham SA, Quan S, Chang HS, Cooper B, Estes B, Zhu T, et al. Diverse 
RNA viruses elicit the expression of common sets of genes in susceptible 
Arabidopsis thaliana plants. Plant J 2003;33:271-83. 

[3] Geri C, Cecchini E, Giannakou ME, Covey SN, Milner JJ. Altered 
patterns of gene expression in arabidopsis elicited by cauliflower mosaic 
virus (CaMV) infection and by a CaMV gene VI transgene. Mol Plant 
Microbe Interact 1999;12:377-84. 

[4] Tesci LI, Smith AM, Maule AJ, Leegood RC. A spatial analysis of 
physiological changes associated with infections of cotyledons of marrow 
plants with cucumber mosaic virus. Plant Physiol 1996;111:975-85. 

[5] Maule A, Leh V, Lederer C. The dialogue between viruses and hosts in 
compatible interactions. Curr Opin Plant Biol 2002;5:279-84. 

[6] Havelda Z, Maule AJ. Complex spatial responses to cucumber mosaic 
virus infection in susceptible Cucurbita pepo cotyledons. Plant Cell 2000; 
12:1975-85. 

[7] Tecsi LI, Maule AJ, Smith AM, Leegood RC. Metabolic alterations in 
cotyledons of Cucurbita pepo infected by cucumber mosaic virus. J Exp 
Bot 1994;45:1541-51. 

[8] Tecsi LI, Maule AJ, Smith AM, Leegood RC. Complex, localized 
changes in C0 2 assimilation and starch content associated with the 
susceptible interaction between cucumber mosaic virus and a cucurbit 
host. Plant J 1994;5:837-47. 

[9] Shalitin D, Wang Y, Omid A, Gal-On A, Wolf S. Cucumber mosaic virus 
movement protein affects sugar metabolism and transport in tobacco and 
melon plants. Plant Cell Environ 2002;25:989-97. 

[10] Shalitin D, Wolf S. Cucumber mosaic virus infection affects sugar 
transport in melon plants. Plant Physiol 2000;123:597-604. 

[11] Almon E, Horowitz M, Wang HL, Lucas WJ, Zamski E, Wolf S. Phloem- 
specific expression of the tobacco mosaic virus movement protein alters 
carbon metabolism and partitioning in transgenic potato plants. Plant 
Physiol 1997;115:1599-607. 

[12] Balachandran S, Hull RJ, Vaadia Y, Wolf S, Lucas WJ. Alteration in 
carbon partitioning induced by the movement protein of tobacco mosaic 
virus originates in the mesophyll and is independent of change in the 
plasmodesmal size-exclusion limit. Plant Cell Environ 1995;18:1301-10. 

[13] Vallari RC, Cook WJ, Audino DC, Morgan MJ, Jensen DE, Laudano AP, 
et al. Glucose repression of the yeast ADH2 gene occurs through multiple 
mechanisms, including control of the protein-synthesis of its transcrip¬ 
tional activator, ADR1. Mol Cell Biol 1992;12:1663-73. 

[14] Federoff HJ, Eccleshall TR, Marmur J. Carbon catabolite repression of 
maltase synthesis in Saccharomyces carlsbergensis. J Bacteriol 1983; 156: 
301-7. 


[15] Lombardo A, Cereghino GP, Scheffler IE. Control of messenger RNA 
turnover as a mechanism of glucose repression in Saccharomyces 
cerevisiae. Mol Cell Biol 1992;12:2941-8. 

[16] Holzer H. Chemistry and function of proteinaceous proteinase-inhibitors 
from yeast. Biol Chem Hoppe Seyler 1985;366:804. 

[17] Mazon MJ, Gancedo JM, Gancedo C. Phosphorylation and inactivation of 
yeast fructose-bisphosphatase in vivo by glucose and by proton 
ionophores—a possible role for cAMP. Eur J Biochem 1982;127:605-8. 

[18] Trumbly RJ. Glucose repression in the yeast Saccharomyces cerevisiae. 
Mol Microbiol 1992;6:15-21. 

[19] Gancedo J. Carbon catabolite repression in yeast. Eur J Biochem 1992; 
206:297-313. 

[20] Ronne H. Glucose repression in fungi. Trends Genet 1995;11:12-17. 

[21] Lutfiyya LL, Johnston M. Two zinc-finger-containing repressors are 
responsible for glucose repression of SUC2 expression. Mol Cell Biol 
1996;16:4790-7. 

[22] DeVit MJ, Waddle JA, Johnston M. Regulated nuclear translocation of 
the Migl glucose repressor. Mol Biol Cell 1997;8:1603-18. 

[23] Graham I A. Carbohydrate control of gene expression in higher plants. Res 
Microbiol 1996;147:572-80. 

[24] Visser RGF, Stolte A, Jacobsen E. Expression of a chimeric granule- 
bound starch synthase GUS gene in transgenic potato plants. Plant Mol 
Biol 1991;17:691-9. 

[25] Pego JV, Kortstee AJ, Huijser C, Smeekens SC. Photosynthesis, sugars 
and the regulation of gene expression. J Exp Bot 2000;51:407-16. 

[26] Dijkwel PP, Kock PAM, Bezemer R, Weisbeek PJ, Smeekens SCM. 
Sucrose represses the developmentally controlled transient activation of 
the plastocyanin gene in Arabidopsis thaliana seedlings. Plant Physiol 
1996;110:455-63. 

[27] Cheng CL, Acedo GN, Cristinsin M, Conkling MA. Sucrose mimics the 
light induction of arabidopsis nitrate reductase gene transcription. Proc 
Natl Acad Sci USA 1992;89:1861-4. 

[28] Krapp A, Hofmann B, Schafer C, Stitt M. Regulation of the expression of 
RBCs and other photosynthetic genes by carbohydrates—a mechanism for 
the sink regulation of photosynthesis. Plant J 1993;3:817-28. 

[29] Krapp A, Stitt M. Influence of high-carbohydrate content on the activity 
of plastidic and cytosolic isoenzyme pairs in photosynthetic tissues. Plant 
Cell Environ 1994;17:861-6. 

[30] Von Schaewen A, Stitt M, Schmidt R, Sonnewald U, Willmitzer L. 
Expression of a yeast-derived invertase in the cell-wall of tobacco and 
arabidopsis plants leads to accumulation of carbohydrate and inhibition of 
photosynthesis and strongly influences growth and phenotype of 
transgenic tobacco plants. EMBO J 1990;9:3033-44. 

[31] Sheen J, Zhou L, Jang JC. Sugars as signaling molecules. Curr Opin Plant 
Biol 1999;2:410-8. 

[32] Leon P, Sheen J. Sugar and hormone connections. Trends Plant Sci 2003; 
8 : 110 - 6 . 

[33] Johnson R, Ryan CA. Wound-inducible potato inhibitor II genes— 
enhancement of expression by sucrose. Plant Mol Biol 1990;14:527-36. 

[34] Kim SR, Costa MA, An G. Sugar response element enhances wound 
response of potato proteinase inhibitor II promoter in transgenic tobacco. 
Plant Mol Biol 1991;17:973-83. 

[35] Brugliera F, Holton TA, Stevenson TW, Farcy E, Lu CY, Cornish EC. 
Isolation and characterization of a cDNA clone corresponding to the rt 
locus of Petunia hybrida. Plant J 1994;5:81-92. 

[36] Moalem Beno D, Tamari G, LeitnerDagan Y, Borochov A, Weiss D. 
Sugar-dependent gibberellin-induced chalcone synthase gene expression 
in petunia corollas. Plant Physiol 1997;113:419-24. 

[37] Takeuchi A, Matsumoto S, Hayatsu M. Chalcone synthase from Camellia 
sinensis —isolation of the cDNAs and the organ-specific and sugar- 
responsive expression of the genes. Plant Cell Physiol 1994;35:1011-8. 

[38] Murray JR, Smith AG, Hackett WP. Differential dihydroflavonol 
reductase transcription and anthocyanin pigmentation in the juvenile 
and mature phases of ivy (Hedera-helix 1). Planta 1994;194:102-9. 

[39] Herbers K, Monke G, Badur R, Sonnewald U. A simplified procedure for 
the subtractive cDNA cloning of photoassimilate-responding genes: 
isolation of cDNAs encoding a new class of pathogenesis-related proteins. 
Plant Mol Biol 1995;29:1027-38. 


A.J. Love et al. / Physiological and Molecular Plant Pathology 67 (2005) 83-91 


91 


[40] Herbers K, Sonnewald U. Manipulating metabolic partitioning in 
transgenic plants. Trends Biotechnol 1996;14:198-205. 

[41] Martin T, Oswald O, Graham IA. Arabidopsis seedling growth, storage 
lipid mobilization, and photosynthetic gene expression are regulated by 
carbonmitrogen availability. Plant Physiol 2002;128:472-81. 

[42] Boxall SF. Sugar signalling in arabidopsis. PhD Thesis. Glasgow 
University; 1999. 

[43] Herbers K, Tacke E, Hazirezaei M, Krause KP, Melzer M, Rohde W, et al. 
Expression of a luteoviral movement protein in transgenic plants leads to 
carbohydrate accumulation and reduced photosynthetic capacity in source 
leaves. Plant J 1997;12:1045-56. 

[44] Al Kaff NS, Covey SN. Variation in biological properties of cauliflower 
mosaic-virus clones. J Gen Virol 1994;75:3137-45. 

[45] Al Kaff NS, Covey SN. Biological diversity of cauliflower mosaic-virus 
isolates expressed in 2 brassica species. Plant Pathol 1995;44:516-26. 

[46] Cecchini E, Al Kaff NS, Bannister A, Giannakou ME, McCallum DG, 
Maule AJ, et al. Pathogenic interactions between variants of cauliflower 
mosaic virus and Arabidopsis thaliana. J Exp Bot 1998;49:731-7. 

[47] McCallum DG. Molecular genetic factors of cauliflower mosaic virus 
controlling symptom development in leaves. PhD Thesis. University of 
East Anglia; 1994. 

[48] Stratford R, Plaskitt KA, Turner DS, Markham PG, Covey SN. Molecular 
properties of Bari-1, a mild strain of cauliflower mosaic virus. J Gen Virol 
1988;69:2375-86. 

[49] Delseny M, Hull R. Isolation and characterization of faithful and altered 
clones of the genomes of cauliflower mosaic-virus isolates Cabb B-JI, 
CM4-184, and Bari-1. Plasmid 1983;9:31-41. 

[50] Covey SN, Turner DS. Comparison of viral nucleic-acid intermediates at 
early and late stages of cauliflower mosaic-virus infection suggests a 
feedback regulatory mechanism. J Gen Virol 1991;72:2603-6. 

[51] Cecchini E, Gong ZH, Geri C, Covey SN, Milner JJ. Transgenic 
Arabidopsis lines expressing gene VI from cauliflower mosaic virus 
variants exhibit a range of symptom-like phenotypes and accumulate 
inclusion bodies. Mol Plant Microbe Interact 1997;10:1094-101. 


[52] Cecchini E, Geri C, Love AJ, Coupland G, Covey SN, Milner JJ. 
Mutations that delay flowering in arabidopsis de-couple symptom 
response from cauliflower mosaic virus accumulation during infection. 
Mol Plant Pathol 2002;3:81-90. 

[53] Imlau A, Truernit E, Sauer N. Cell-to-cell and long-distance trafficking of 
the green fluorescent protein in the phloem and symplastic unloading of 
the protein into sink tissues. Plant Cell 1999;11:309-22. 

[54] Stitt M, Lilley RM, Gerhardt R, Heldt HW. Metabolite levels in specific 
cells and subcellular compartments of plant leaves. Methods Enzymol 
1989;174:518-52. 

[55] Turgeon R. The sink-source transition in leaves. Annu Rev Plant Physiol 
Plant Mol Biol 1989;40:119-38. 

[56] Stratford R, Covey SN. Segregation of cauliflower mosaic virus symptom 
genetic determinants. Virology 1989;172:451-9. 

[57] Covey SN, McCallum DG, Turner DS, Al Kaff NS, Dale P, Cecchini E, 
et al. Pararetrovirus-crucifer interactions: attack and defence or modus 
vivendi. Mol Plant Pathol 2000;1:77-86. 

[58] Herbers K, Meuwly P, Metraux JP, Sonnewald U. Salicylic acid- 
independent induction of pathogenesis-related protein transcripts by 
sugars is dependent on leaf developmental stage. FEBS Lett 1996;397: 
239-44. 

[59] Tomenius K, Oxelfelt P. Ultrastructure of pea leaf-cells infected with 3 
strains of red-clover mottle virus. J Gen Virol 1982;61:143-7. 

[60] Lohaus G, Heldt HW, Osmond CB. Infection with phloem limited 
abutilon mosaic virus causes localized carbohydrate accumulation in 
leaves of Abutilon striatum : relationships to symptom development and 
effects on chlorophyll fluorescence quenching during photosynthetic 
induction. Plant Biol 2000;2:161-7. 

[61] Roberts PL, Wood KR. Effects of a severe (P6) and a mild (W) strain of 
cucumber mosaic-virus on tobacco leaf chlorophyll, starch and cell 
ultrastructure. Physiol Plant Pathol 1982;21:31-4. 

[62] Aranda MA, Escaler M, Wang DW, Maule AJ. Induction of HSP70 and 
polyubiquitin expression associated with plant virus replication. Proc Natl 
Acad Sci USA 1996;93:15289-93. 



